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sRoodiie  Neutrino Conception

Neutrinos in Before 1930’s: beta decay spectrum continuous - is this energy

218t .
‘Ch:nt‘jry non-conservation?

Mary

Energy spectrum of beta
decay electrons from 210p;

History of
Neutrinos

Intensity

1] 0.2 0.4 06 0.8 1.0 1.2
Kinetic energy, MeV

G.J Neary, Proc Phys. Soc., A175, 71 (1940)
Dec 1930: Wolfgang Pauli’s letter to physicists at a workshop in
Tubingen proposes that a neutrally charged “neutron” with a mass
“< 0.01 proton mass” is emitted in beta-decays.



BROOKSAEN Finding Neutrinos...

Neutrinos in
‘C":nfj:; 1950’s: Fred Reines at Los Alamos and Clyde Cowan mounted an
experiment at the Hanford nuclear reactor in 1953 and in 1955 at the
new Savannah River nuclear reactor. A detector filled with water with
CdCl; in solution was located 11 meters from the reactor center and
12 meters underground.

The detection sequence was as follows:
Ve+p—n+et
et +e” — v (2X 0.511 MeV + TY)
n +1% Cd 19 Cdx —1% Cd 4 ~

History of
Neutrinos



""““"'ﬁ""" Neutrinos have Flavors

Neutrinos in
the 215t
Century

1962: Leon Lederman, Melvin Schwartz and Jack Steinberger use
BNL’s Alternating Gradient Synchrotron (AGS) to produce a beam of

History of
Neutrinos

10 ton detector

n H

Iron absorber

The AGS Making v's
Result: 40 neutrino interactions recorded in the detector, 6 of the
resultant particles where identified as background and 34 identified as
H = VUx =V,
The first accelerator neutrino experiment was at the AGS.




moodien  The Homestake Experiment

NATIONAL LABORATORY

Neutrinos in 1967: Ray Davis from BNL installs a large detector,
‘Ch:nf::y containing 615 tons of tetrachloroethylene (cleaning

_ fluid), 1.6km underground in Homestake mine, SD.

v 43 CL — e +¥ Ar, 7(*'Ar) = 35 days.

e

Number of Ar atoms =~ number of 3"
interactions.

Ray Davis

History of
Neutrinos

Results: 1969 - 1993 Measured 2.5 + 0.2
SNU (1 SNU = 1 neutrino interaction per
second for 10% target atoms) while
theory predicts 8 SNU. This is a

" deficit of 69% .

Solar v, disappearance =

first experimental hint of oscillations



sRoodiie  Neutrino Mixing: 3 flavours

Neutrinos in

the 215t We know now of 3 flavours of neutrinos: The 3 gi W 7;,
Century flavour PMNS mixing matrix was developed in g_.mm ult
1962 by Maki-Nakagawa-Sakata based on =1 Necrm oon Y
Pontecorvo’s earlier work: T,,,IG,,..,,E,‘,,,E..I,,
Ve Ue1 Ue2 121
History of Vu = U“I U‘LZ V2
Neutrinos Vr U7-1 U7-2
Upmns

In the past 10 yrs we have measured most

of the Upuns parameters

0.8 05 1 02 0.004

Upmns ~ | 0.4 0.6 » Vekm ~ 0.2 1 0.04
0.4 0.6 0.009 0.04 1

In contrast to CKM, large off diagonal terms:
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A Brief
History of
Neutrinos

The Super-Kamiokande Experiment

A huge 50kT double layered tank

of ultra pure water surrounded by

11,146 20" diameter

photomultiplier tubes. Located in

an old zinc mine 0.6km under

Mount lkena in the Japanese Alps,

near the town of Kamioka. The

project has been collecting data B :

since 1 April 1996. N ez

Particle id using rings of

Cerenkov light



sroouingen. OUpPer-Kamiokande: Atmospheric v,, Disappearance

NATIONAL LABORATORY

2 — 3 mixing

it e Atmospheric neutrinos as a source for oscillation experiments

the 2% . Atm. neutrinos 2:| mu:e type
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Evidence for neutrino oscillations from SuperK

1998-present: SuperKamiokande measures atm. neutrino oscillations.

Milind Diwan



oot 3_Neutrino Mixing

Neutrinos in UP

the 215t 1 NS _i5cp
Century 0 0 Ci13 0 e S13 C12 S12 0
0 C23 S23 0 1 0 —S12 Ci12 0
0 —s23 cC23 —eidcpr s;i3 0 Ci3 0 0 1
Natior
Labor Y v, disappearance v, — Ve, reactor U disappear solar ve, U disappear

where ¢;; = cos 6j; and s;; = sin 65;.
A Brief 2 2
. 0 - - v .
History of sin® 613: Amount of v, in v3 tan® 6,3: Ratio of _* in 13
T

Neutrinos 9 A ¢ of .

Amount of ve in 14

s @ e There are 3 quantum states mixing =
Ju— . there is an overall phase: dcp.

R s sm__\,? If dcp # 0 or m, charge-parity (CP) is

violated and there is a v/ asymmetry.

A — TSR Could this explain the origin of matter?
K - 0 = —— . R R
) : 4o Is sin?2013 = 0? (no CP violation)

Normal Inverted What is the value of dcp, sign(Am3;)?




BROOKENEN Measuring neutrino mixing - v, oscillations

Nﬂ;tri;lfsstin Solar v, disappearance constrained 1 — 2 mixing. Precision from
the 2 - .
Century reactor v, experiments:

probabiliey Oscillation probabilities for an initial electron neutAlnoz
: m3,4
V/L wll =
—5_ 2
WV Am2, =7.8 X 10 eV v ~e
o 21 =
0.8 I > U)
.
History of 2
Neutrinos S iy
Ve o D
> = N
= 3 «
= < =
s o~ @
r=} k3
En 4 :
=
@
@»
]
°o
[ St —
= 4
(-% : I|ne(~200k tor Ve
| ”WW%MWWW "
_ . . 1z gRnioew)
10000 20000 30000 40000

L/E (km/GeV)

= future reactor v, experiments



BROOKSAEN Measuring v,, oscillations - Accelerator Expts

Neutrinos in
the 215t
Century

Y

History of
Neutrinos

Probabilit

LeE dmsoen)

2000 3000 4000
L/E (km/GeV)
Accelerator expts access all 3-state oscillations using known v/ fluxes.

Can provide precision measurements of Am§1’32, sin? 26013, dcp



""“‘“"ﬁ""" Measurement of Neutrino Mass

Tritium end point : KATRIN
Neutrinos in —

the 215t rear, diff. pur ;\ ng ,. ctrometer | detector
Century

Test spectrometer: 2009
Start measurements: 2010
5 years run sensitivity (0.2 eV/c?)

Measurement

of Neutrino )
Wi OvB33 decay

m GERDA (CNGS): Uses ’6 Ge, Qss = 2.039 MeV. Ge diodes
with LAr and water shields. Phase |l sensitivity:
Ti2 > 1.5 x 10%%, < mgg > < 0.2eV

m EXO (WIPP): LXe 80% enriched 136%e. 200 kg prototype run
for 2 yrs:
Ti2 > 6.5 x 10%y, < mgg > < 0.13 — 0.19eV
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Neutrino
Mixing Expts -
Current

The KamLAND o, Reactor Experiment

Events / 0.425 MeV

Efficiency (%)

(Commesa s, a5 f Dcarber 2008
....... et B o G-l St s DevepertCo-Ch 1KT Liquid
ma ] ~——.—— Scintillator

\World reactors + Research reactors : 0.96%

Korean reactors : 3.2% Pt

Selection efficiency
L ' L L 14 « Data-BG-Geo¥V, = CHOOZ data
—e— KamLAND data Expectation based on osci. parameters
- no oscillation . 12 determined by KamLAND
<+ best-fit osci. 2 .
e accidental z 1=
Be(any'®o E +
2 best-fit Geo ¥, £ 08¢ -
— best-fit osci. + BG 3 F .
+ best-fit Geo V., 2 06 +
3 04f
.
02
0 L L 1

A , L
0 10 20 30 40 50 60 70
L/E, (kn/MeV)

13



ocigen 1 he NuMI/MINOS Accelerator v, Experiment

NATIONMAL LABORATORY . . .
The longest baseline accel. v expt in operation. Average power = 320 kW.

Neutrinos in Near Detector Far Detector
the 215t 0.98 k 54 kT
Century I 11.1 km

Fermilab Soudan

Fermi Natl. Lab., IL Soudan Underground Lab, MN

Neutrino NuMI H.orn.Z inner conductor
Mixing Expts - Radial field, B oc 1/r

Current : % ; 2 3T at 200 kA

)/ 8GeV p+ |

Absorber Muon Monitors

Decay Pipe e




""““"“/’“'"“ The MINOS Detectors
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the 215t
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5\

electronic
racks

Neutrino
Mixing Expts -
Current m 484 octogonal steel and

scintillator plates 8m wide,

= 5.4kTon and 30 m in length .

m Toroidal B-field, 1.3 T at
r=2m

m Cosmic p veto shield

Magnetized iron calorimeters with 2.54 cm thick Fe plates sandwiched with
scintillator strips (1 cm thick, 4.1 cm wide) readout by WLS fiber.
= T -

i Near D(_etector

m 282 “squashed” octagonal
steel plates, 153 scintillator
planes.
=> 1kTon and 16 m in length .

m Toroidal B-field, 1.3 T at
r=2m




nnnomﬁt’lm MINOS Results - 2009 (3.5 x 10% protons-on-target)
The NuMI beam contains 91.5% v, 7 % v, and 1.5% ve + %

NATIONAL LABORATORY

v,, disappearance PRL 101, 2008 @ ©,, disappearance
Neutrinos in sl PP H PP

st — — . T T T
the 21 150 MINOS Preliminary _g¢ co petector Data
Centur = MINOS Far Detector 4
Y H 1 > 15[ -
- b -  Far detector data 4 D r mm Systematic Error
= [ —— No oscillations 1 (O] —— Background (CPT)
D 100~ - e
[S) t —— Best osaillation fit ] = o Lo Enory Beam ]
K] NC background = Far Detector |
=3 = 3.2x<10%° POT
2 D
5 5° o 5L
1 %?/Npe = 90/97 1 % Lt -
o = ) +5 563555 5 10 15 20 30 40 50

Reconstructed neutrino energy (GeV) Reconstructed v,, Energy (GeV)
Expected no-osc 1065 =+ 60. Expected (with osc) 58.3 £ 7.6stat £ 3.6sys-
Observe 848. Observe 42.

Ve appea e 2009 ll MINOS results 20009:
Newtifins Far Detector MINOS PRELIMINARY vy Disappearance:

Mixing Expts -

Current Am§2 =2.43 £ 0.13 x 10— 3eV? 5% accuracy

sin® 26,3 > 0.90(90%C.L.)
v, Disappearance:
Fraction v, — 7, < 0.026(90%C.L.)

Ve appearance:
Reconstructed Energy (GeV) sin? 2013 < 0.29(90%C.L.); Am? > 0, d¢p = 0

Events/GeV/3.14x10% POT
5

-2 , 2 —
Expected FD background: 27 £ 55¢at & 2sys- sin” 2013 < 0.42(90%C.L.); Am” < 0, 5¢p = 0
Observe 35. Search for v



nnnomﬁt’lm MINQOS Results - 2009 (3.5 x 10% protons-on-target)

The NuMI beam contains 91.5% v, 7 % v, and 1.5% ve + %

NATIONAL LABORATORY

v,, disappearance PRL 101, 2008 @ ©,, disappearance
Neutrinos in sl PP H PP

the 215t w T T
Century MINOS Far Detector

T

T T T
MINOS Preliminary _g¢ co petector Data

—— No Oscillations

r 1 = 15 ——- CPT Conserving
- - - Far detector data 4 0} s mm Systematic Error
3 100 —— No oscillations 1 [ EEEE Background (CPT)
L ]
Bro: S r —— Besl oscillation fit ] — 10 Low Energy Beam ]
Natior ©®w [ NC background « Far Detector
atio| = S 3.2x10%° POT
Labor = 50 = 5L N
i) [Fe}

1 %?/Npee = 90/97

= O T % 5 10 15 20 30 40 50
Reconstructed neutrino energy (GeV) Reconstructed v,, Energy (GeV)
Expected no-osc 1065 =+ 60. Expected (with osc) 58.3 £ 7.6stat £ 3.6sys-
Observe 848. Observe 42.

- MINQOS results 2009:
Coming soon: v appearance 2010
Neutrino

v, Disappearance:
EAUI?LZEtEXPtS ) Am§2 =2.43 + 0.13 X 10~ 3eV? 5% accuracy

.2 0,
Expect 30 sensitivity at sin” 2023 > 0.90(30%C.L..)

sin 2013 = 15% U,, Disappearance:
Lisa Whitehead, BNL Colloquium  ¢t" ¥i — 7 < 0.026(90%C.L.)
4/9/2010 Ve appearance:

sin? 2613 < 0.29(90%C.L.); Am? > 0, 8cp = 0
sin2 2013 < 0.42(90%C.L.); Am? < 0,6, = 0
Search for v



sookingen | N€ Mixing matrix - 2009

J. Valle, TAUP '09

Neutrinos Maltoni et al, NJP 6 (2004) 122 Schwetz et al, NJP 10 (2008) 113011
the 215t

Century

o
3
w
o
-
R
£
=

Neutrino

Mixing Expts -

current Homestake, SAGE+
GALLEX/GNO,

Super-K, SNO

K2K (250 Km)

MINOS (735 Km)
KamLAND (180 Km)



BrookinteN — The Daya Bay Reactor Complex

Neutrinos in
the 215t
Century

Ling é\o Il NPP (2011)
- 2X2.9 GWth
Daya Bay NPP-, 1 ( . )
Mary Bishai (2X2.9\9W‘lh¢“-‘-
Brookhaven . ;
National
Laboratory

FAR 80t

Overburden 355m
—

Reactor Specs:
Located 55km north-east of Hong

; 5 S i . Kong.
B Guornan 112m [0 Current: 2 cores at Daya Bay site + 2
‘ 038 7 A Y cores at Ling Ao site = 11.6 GWy,

By 2011: 2 more cores at Ling Ao Il
The Search fo : fco ; : site = 17.4 GWy, = top five
013 g A hg Aq worldwide
' I» 1 GWy, = 2 x 10%1, /second

Deploy multiple near and far detectors

Reactor power uncertainties < 0.1%



ooty The Daya Bay Experiment

Neutrinos in

the 215 RPC roof
Century — i
calibration [§
Mary Bishai system
Brookhaven
National
Laboratory
Gd-doped
liquid scintillator
e Seareh for m Multiple “identical” detectors at each site.
13

® Manual and multiple automated calibration systems per detector.

m Thick water shield to reduce cosmogenic and radiation bkgds.




BROOKSAEN Daya Bay Sensitivity

Neutrinos in # surface assembly buildin,__
the 21° : O

Century
ary Bishai

Natior
Laborato

Source of uncertainty Chooz Daya Bay Strategy
(absolute)

(relative)
# protons H/C ratio 0.8 < 0.1 Fill in pairs/calib
Mass - < 0.3 Load cells and
mass flowmeters
Detector Energy cuts 0.8 0.2 lower threshold/calib
Efficiency Position cuts 0.32 0.0 3-zone
Time cuts 0.4 0.1 Common clock ~ 10ns
H/Gd ratio 1.0 0.1 fill in pairs/calib
n multiplicity 0.5 0.05 Deeper/muon veto
e Sezrah G T.rigge:r 0 0.01 Redundant triggers
613 Live time 0 < 0.01 Common GPS clock
Total detector-related uncertainty 1.7% 0.38%

End 2010: Near detector ready. End 2011: far detectors ready
Reach sensitivity to sin? 2613 < 0.01 @ 90% C.L. by 2014



snooxigen | Ne Double Chooz Experiment

NATIONMAL LABORATORY

M. Dierckxsens, TAUP'09

e
Neutrinos in B8
the 215t -

Century . & A " *
P e, =5 ; 4 . Far 8.6t
Mary Bishai <5 A T overbdn 110m
Brookhaven - .3 s - )
National
Laboratory

A Brief
History of
Neutrinos

Measurement
of Neutrino
\EES

Neutrino
Mixing Expts -
Current |

013 ‘ jasa
CP Violation ‘ T Chooz-B Power Plant

and the Mass
Hierarc
DUSEL/LBNE

Neutrino Expts.
in Japan

2 cores, 8.6 GW,

Superbeams in
Europe



smoociuey  Off-axis high intensity v, beams: T2K

NATIONAL LABORATORY

30-50 GeV p accel, designed for 750 kW, started operations 2009

Neutrinos in First proposed for BNL
tch;f::; E-889 (1995): A narrow
beam of v, can be achieved
by going off-axis to the 7
beam. Better S:B at

oscillation max. F— o=0m
E,=12GeV
Expected v. appearance E { :
E i 4 ~—0=0025
signal at sin® 2613 = 10%: £ AR
z, ! —6=002
g 21 i H
kS i - 8=0015
b & 14 ,0=001
+ Exgacted Signal+Ba l__68=0
sop L e ] : i
25F — Total BG E, (GeV) b
— BG from v,+antly,
2L H e
The Search for 151 { { Sin"ZH e
013 10 + :
sﬂzg +
o % b
05 1 15 2 25 3 Tracker

Ileoonslrln:ud Ev(GeV) L Pi-zero
® ¢ Detector

Goal: search for v, — v with sensitivity to sin® 2613 ~ 1%



““B?“‘ﬁz"" First T2K Neutrino Event

Neutrinos in Feb 25, 2009: A CC v, interaction which produced w0 — v
the 215
Century

Mary Bishai
Brookhaven
National
Laboratory

A Brief
History of
Neutrinos

Measurement
of Neutrino
Mass

Neutrino
Mixing Expts -
Current

The Search for
013

CP Violation
and the Mass
Hierarc
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Neutrinos in
the 215t
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Mar

- 2 = "
E NOVA+T2K . & L=810 km, 15 kT
© 48 © ig [ amgr=2410%eV
3 yoars for each v and ¥ sin“26,)=1 [
16 NOVA at 700 kW, 16 [ am?<0 :
1.2MW, and 2.3MW )
14 +T2K 6 yoars of v id |E
atneminal, x2, and x4
12 12 |
1 1 b
08 [ L=810km 15kT o |k
Amy2=2.410%0V" ! 3 years for each v and ¥
08 [ sin2,=1 o8 E NOVA at 700 kW,
Am=>0 1.2 MW, and 2.3 MW
The Search for 04 04 | +T2K 6 yoars of v
9 at nominal, x2, and x4
13 02 ; 02 [
i NOVA + T2K
- i . . " . . I
0.08; 0 0.05

NOvA and T2K

The NOvA experiment is at a baseline of 810km off-axis to the NuMI
beam. Detector is 15kT of active scintillator on the surface.
Operational by 2013. From G. Feldman:

95% CL Resolution of the Mass Ordering

NOvVA Plus T2K

0.1 0.18
. ; )
2 5in%0,y) sin’(20,)

01 015
inZ( inZ
2sin“(6,,) sin®(26,;)

Normal Ordering Inverted Ordering

Some sensitivity to mass hierarchy at large 013
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Neutrinos in
the 215t
Century

Mar

The Search for
013

913 by 2016

—

Chooz Excluded

,M

World limit

Double Chooz

Daya Bay

C 90% CL sensitivity
C Computed with:
L 8p=0
r sign(AmZ):H
‘ ‘ ‘ ‘ M. I‘Vlezzett‘o, arXiv‘:0905.2842
2009 2010 2011 2012 2013 2014 2015

2016

Year



""““"'ﬁ""" Matter Effect on Neutrino Oscillation

AU 1978 and 1986: L. Wolfenstein, S. Mikheyev and

the 215t

Century A. Smirnov propose the scattering of v. on Ve e
electrons in matter adds a coherent forward
scattering amplitude to neutrino oscillation W
amplitudes. This acts as a refrective index = p
neutrinos in matter have different effective mass ) :

than in vacuum. For Posc = P(v, — ve):

Continous Line :Normal hierarchy
Dashed Line : Inverted hierarchy

1300 km

ay
",
.-....-.-.-....,..... At e i rr gy
"

C:\t/}i:)la’\t/:on R— 2 3 4 5 6 7 8 9
and the Mass True Neutrino Energy (GeV)

Hierarc

With longer baselines we can use accel v to resolve sign(Amﬁl).



sowdini  CP Violation with long baseline experiments

Neutrinos in

prbort Appearance probabilities of v, — ve for different values of the CP phase.

Century A CP phase # 0, implies CP is violated in the lepton sector.
Normal Hierarchy
v v
whble120, numu CC, sin2thetal3=0.02, 1300km/12km Antiwble120, anumu CC, sin2thetal3=0.02, 1300km/12km
24 01 5 0.1
s F cp=+90 deg é‘ S 9% A cp=+90 deg g
% cp=180 deg E o cp=180 deg §
220 cp=-90deg [0.08 2 & F r( cp=-90 deg [0.08
wig S w7 i a
g cp=0deg g 2 )‘ cp=0deg 3
s g8 Ee 18
S 006§ £ f / 10.06 §
S0 L g
S < S ; \ 1 <
> F > 4
210 ‘ Hoo04 2% \ —0.04
@ F e F .
s Y g% \ ]
> > E 4
o 6F s F
8 4: ‘l, —0.02 8 F \\ ]\ —0.02
g ; Y \ \ 2 1 W N g
2 s ] 2 @ é@ . 1
CP Violation %95 o0 05 1 15 2 s o5 o 05 1 15 2

and the Mass log(Energy/GeV) log(Energy/GeV)

Hierarc CP effects largest E, < 3 GeV.

Need high power wide-band beams with v and U to resolve degenercies



sy CP Violation with long baseline experiments

Neutrinos in

prbort Appearance probabilities of v, — ve for different values of the CP phase.

Century A CP phase # 0, implies CP is violated in the lepton sector.
Reversed Hierarchy
v v
whble120, numu CC, sin2thetal3=0.02, 1300km/12km Antiwble120, anumu CC, sin2thetal3=0.02, 1300km/12km
245 0.1 F 0.1
'g E " ~ cp=+90 deg é‘ 'g 9 A cp=+90 deg g
|~ E r l ~ cp=180 deg E g o ~ cp=180 deg §
.1’205 Jf ~cp=90deg 0082 © F f( ~cp=-90 deg [0.08 2
wig o w7 [
a7 [ cp=0deg o o cp=0deg 9
H f 2 = r 2
i I 1.8 S6 I
S 10065 S F / J0.06 §
B1af o 2 35 ; \ 1 &
| 1 24l n
210 il \ £0.04 L 4 \ —0.04
o F 1 e ,
g y ] 53 \ ]
3 6f Fs N\ J
g4 a 1 Jo2 g j //>§ ]\ 10.02
2t AN \ 1 E: “‘ \, ]
S F \1 1 S F \,\ S, !
CP Violation 00 05 o0 05 1 15 2 % o5 o0 o5 1 15 2
and the Mass log(Energy/GeV) log(Energy/GeV)

Hierarc

Matter effects large E, > 1.5 GeV.

Need high power wide-band beams with v and U to resolve degenercies
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CP Violation
and the Mass
Hierarc

913 and CPV

Asymmetry in P(v, — v.) and P(D, — 1) vs sin® 260;3 :

Neutrino—AntiNeutrino Asymmetry
A

0.8

DY Pootar ...

e fo
+ v O
0.6 o
& L2
& 2
0 L e
o o4fE N 5
,}_{, N D8 A
L 70! - N . B
4 Q.Asz n/2 N e
L 2 5 _u2 : 1
02—g -+ 6m3 = 7.0 x 10™° eV? ~ :
L %: - -
I @ éms = 25 x 107 eV? T~ 4
ool vl il
10-3 1072 10~1
.2
sin®20,4

For values of sin®26;3 > 0.002:

the CP asymmetry increases with smaller 613



BROOKSAEN Physics sensitivity vs baseline

Neutrinos in Using a broad-band beam with a peak interaction rate at 2 GeV,
tcheenfj,y FWHM=3 GeV, a parameterized water Cerenkov detector and
exposure of SMW.yr (v) + 10 MW.yr () (V. Barger et al.. Phys. Rev. D 74,
073004 2006):

§ Sensitivity to CPV at 3¢ s Exclusion of inverted mass hierarchy at 3¢
v \/-—————-/ °
- CP Violation - Mass hierarchy
53 <
S S
e =
@ ®
5 . -
S 1072 5102
E 3
© ©
s S
o o
2 2
2 / :
1073 1073
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Baseline [km] Baseline [km]

Minimum value of sin?(26:3) for which the sensitivity is > 3o
for (best,50%, worst) of J, values

CP Violation
and the Mass
Hierarc

Longer baselines = larger mass effects

Best sensitivity is for baselines 1200 - 2500km



ooty The Long Baseline Neutrino Experiment

A Long Baseline Neutrino Experiment (LBNE) from Fermilab to megaton

Neutrinos in

st . . .
tc":nf:ry scale detectors at Homestake is now being designed. CDR late 2010.
4850 Level Conceptual Layout
&
: e Yates Shaft
Faistat = Existing Drifts
i Lab Modules
20m x 20m x (50, 75, 100m)
Staging Area
DUSEL/LBNE New Drifts<_ 15m x 15m

Neutrino Detector

Access Drifts EmeseEi /:é

o] 9 IR 5 o

s Ross Shaft v,;:/)/ H ‘ 10°
o

10°
Depth, meters water equivalent




BrookHrieN — Formilab Neutrino Beams: Future

Neutrinos in The NuMI beamline uses a 300kW proton beam from the Main

oo Injector (700 kW by 2012).

entury

Mary, Bishai NuMlI is the most powerful v beamline operating today .
Brookhaven - mt .
Nationa Fermilab vision :The Intensity

aboratory

Frontler W|th Proect X:
"= 8 GeV ILC-like Linac
+ Recycler

DUSEL/LBNE

+ Main Injector

The proposed Prolect X at FNAL — 2MW with E,J _60 — 120GeV




seoqutilon Deep Underground Science and Engineering
Laboratory

Neutrinos in July 10, 2007: the National Science Foundation (NSF) selected the
tcheentzjry University California-Berkeley to produce a techincal design for DUSEL at
Homestake Mine, SD

Mary Bishai
Deep Underground Science

Brookhaven DU SEL and Engineering Laboratory at Homestake, SD
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Brookfinven - | JSEL Detectors: Water Cerenkov

Ni:”‘g;’:ti" SuperKamiokande : 50kT DUSEL WCe Module : ~ 120 kT
e
_ . —

Century i Utility Rooms  Entrance Drift
Mary Bishai \ at 4850L
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Large NC pi° backgrounds, low efficiency




smoodinen  DUSEL Detectors: Liquid Argon TPC

Neutrinos in ICARUS module : 0.3kT DUSEL LAr : 50 kT

the 215t
Century

rodes

(@rng hatallafion)

ArgoNeuT (175 litre) prototype in the
NuMI beam —

High efficiency and purity

DUSEL/LBNE Requires 100 X scale-up - unproven.




] LBNE/DUSEL spectra and event rates

Netf,terigfsstin A preliminary on-axis wide-band beam for LBNE based on the NuMI

iy focusing system has been developed. Water Cerenkov response is
ary Bishai based on the SuperK MC. LAr is modeled as a near-perfect detector.
he Exposure is 3 MW. yr v with sin? 2013 = 0.04, dcp > 0, m3 > my
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srooiwen  Measurements of d¢p in LBNE
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Mark Dierckxsens

Neutrinos in

e i with a 300 kT WCe detector and 3 yrs of v + 3 yrs of U running:
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ooy LONg Baseline Projects in Japan
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from talk by Koichiro Nishikawa, KEK

Neutrinos in

the 215t
Century
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Laboratory % 3

Nuclear
Transmutation

Neutrino to
Kamiokande

s Main Ring
Rapid Cycling (30 GeV, 0.3 Hz,

Synchrotron
" Ge\‘; 25 Hz, 1MW) 0.75 MW- 1.66 MW)

J-PARC = Japan Proton Accelerator Research Complex

Neutrino Expts. Joint Project between KEK and J AEA

in Japan




m 3 Long Baseline Scenarios

NATIONMAL LABORATORY . . R
from talk by Koichiro Nishikawa, KEK

Neutrinos in
the 215t

e Three Poséiblé Scenario Studied at NPO8 Workshop
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ooty O€NSitivities of Scenario 3
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from talk by Koichiro Nishikawa, KEK

Neutrinos in Scenario 3
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] Superbeams/Beta Beams/v Factories in Europe

Neutrinos in F. Terranova’s presentation on 15/11/09
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oKSnEN Summary and Conclusions
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Neutrinos in Neutrino’s have non-zero mass, at least 3 flavors and large mixing, BUT:

the 215t
Century m How massive is a neutrino? Are neutrinos majorana particles?

m How small is sin? 26137 Is it 0?, What is the mass hierarchy? Is
there CP violation (and LFV) in the lepton sector?

m Are there only 3 generations of leptons?

By 2025:
Tritium end point experiments and 0v (33 experiments could
determine v mass if > 0.2 eV

New reactor and accelerator expts could determine if
sin? 2613 > 0.005 and measure ., and the mass hierarchy if
sin? 2013 > 0.01. Sensitivity to new physics.
Beyond 2025: neutrino factories and beta beams can push further:
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